Introduction
Increasing vulnerability to drought is a major global concern as rise in average temperature is 2013). Drought -induced tree mortality has been recorded worldwide in diverse ecosystems and leaf water potentials are relatively high, decline in water content with increasing pressure in the living cells bounded by the plasma membranes. The apoplastic space is more difficult to define. Canny (1995) recognized four different appoplastic spaces: the lumina of xylem conduits and fibers, In the present study, the nature of the PV curve was related to leaf anatomy in Avicennia marina 123 subsp. australasica (Walp.) J. Everett, a highly salt-tolerant mangrove species (Naidoo et al., 2011, 
Plant materials
One branch was collected from each of five co-occurring trees of A. marina subsp. australasica 136 growing naturally along the Clyde River, Batemans Bay, New South Wales, Australia, and brought 137 back to the lab in a black plastic bag stored in an insulated box to prevent water loss. A hand-held 138 refractometer (A.S.T. Co. Ltd., Japan) was used to measure salinity of surface water collected at high 139 tide and soil water collected at low tide from a soil depth of 30 cm. Soil water was extracted with a 140 suction device (McKee, 1993) from three locations around each tree and measurements of these 141 142 three salinities were averaged to give one value per tree (n = 5 trees).
143

PV curve
144
Upon return to the lab, the cut ends of all branches were recut under a solution of 25 mM NaCl and 
149
under laboratory (Ball, 1988) and natural field conditions (Stuart et al., 2007) . Before PV curves were 
158
Five PV curves were constructed, each made with one leaf from one tree. Leaf water potential was 159 measured at intervals corresponding to decreases in leaf fresh mass of 5-10 mg as the leaves air- 
209
Polysaccharide analysis (% composition)
210
The reductions of the constituent uronic acid methyl esters and the free uronic acids were carried out
211
following the protocol of Kim and Carpita (1992) and of Pettolino et al. (2012) . The reduced 212 polysaccharides were then hydrolysed, reduced, acetylated and subject to gas chromatography mass 213 214 spectrometry (GC/MS) analysis as described by Peng et al. (2000) .
215
Water uptake by trichomes
216
Three twigs, each with a fully mature leaf pair, were harvested from three saplings of A. marina that 217 had been hydroponically grown (nutrient solution salinized with addition of 250 mM NaCl) from
218
propagules that originated from the same field populations used for PV curve analyses. Leaves were 219 rehydrated and then air-dried, with water potential determined at intervals during drying as described 220 above for PV curves. Following each measurement of leaf water potential, leaves were tested for 221 uptake of water by the trichome layer that covered the abaxial leaf surface. Upon removal from the pressure chamber, a leaf was positioned to view the trichome layer under an epi-fluorescence 
248
Characteristics of the leaves used for PV curve measurements are summarised in 
267
The data set used in Fig. 1a was replotted in 
278
The PV curves were replotted without domain 1, as suggested by Beckett (1997) ) and relative water deficit, calculated without extracellular water,
288
(RWD-, %), i.e. point d (Supplement S1b), and averaged -4.2 ± 0.1 MPa. This value was equal to that 289 calculated at dx (-4.2 ± 0.1 MPa, P = 0.968) but significantly different from that calculated at d0 (-3.5 ± 290 291 0.1 MPa, P <0.001).
292
Calculation of water storage capacitance and bulk modulus of elasticity
293
The area-specific water storage capacitance (called water storage capacitance hereafter) was 294 calculated as the mass of water lost per unit area per unit decrease in water potential (Table 2) . Two
295
values of water storage capacitance were calculated from different points on the PV curve (Table 4) . Water storage capacitance of domain 1 (Qx) was calculated from points A to B (Fig. 1a ) and the capacitance of domain 2 (Qe) was calculated from points B to C (Fig. 1a) . Qx averaged 69 ± 6 g m MPa -1 .
304
The effective bulk modulus of elasticity, ε, is defined as the change in chamber pressure or water 305 potential required for a fractional decrease in a cell's water volume (ε = ΔP/(ΔV/V)). The
Water storage capacitance and elasticity calculated upon the removal of domain 1 averaged 13 ± 2 g m -2 MPa -1 and 38 ± 4 MPa, respectively, and were not significantly different from those calculated 312 313 from domain 2, i.e. Qe and εe, (P = 0.383, and P = 0.841, respectively).
Petiole
316
The basic features of petioles and leaves were characterised by bright field microscopy ( Fig. 2 ).
317
Petioles (Fig. 2a) of A. marina leaves were covered with two types of multicellular trichomes.
318
Trichomes of the first type were clustered together with mucus secretion glands in a groove at the 
336
Leaf lamina
337
Leaves had a reticulate venation system with a prominent midvein as shown in Fig. 2b midvein was also linked with adjacent mesophyll and hypodermal tissues (Fig. 2c) .
347
Four major tissues contributed most of the leaf lamina thickness ( surfaces, but stomata were only on the abaxial surface.
356
Change in leaf structures during drying
357
Leaves were cryo-preserved during drying to fix the cell structure and the spatial distribution of gas
358
and liquid. Changes in these three components of leaf structure were assessed in relation to the three 359 domains of the PV curve using cryo-SEM. 
366
Trichome water status changed with leaf water status. For reference, general trichome structure is 367 shown in Fig. 3a . Trichome lumina were full of liquid water when leaves were fully hydrated (Fig. 3b ).
trichomes formed a continuous surface (Fig. 4a) therefore, were named cisternae. Due to the complex three-dimensional structure, it was not possible 387 to obtain a reliable estimate of water storage in cisternae from the micrographs. When viewed by 388 bright-field microscopy, longitudinal sections through the petiole revealed greater surface structure 389 delimiting these cisternae than expected (Fig. 5a, b) . Closer inspection under cryo-SEM revealed that 390 the walls of these cisternae had a rough surface that appeared coated with a mucus-like substance 391 that formed globular structure, hereafter called droplets, with drying. Analysis of a gel extruded 392 naturally from petioles revealed a composition consistent with mucilaginous polysaccharides (Table   393 5). When leaves were well hydrated (Ψleaf = -0.1 MPa), most cisternae were full of water but some 394 contained large droplets with diameters averaging 6.8 ± 0.8 µm (n = 20) (Fig. 5c, d ). Where the 395 planing knife cut through the ice of a water-filled cistern, the eutectic domains of the ice indicated
396
water of high solute content. At the end of domain 1, no cisternae were filled with water and droplet potentials. As leaf water content decreased over domain 2, very few droplets were found and their
In the leaf lamina and midvein, small gas spaces between pith parenchyma and between mesophyll 402 cells were also filled with liquid water but only when leaf water potential was less negative than -0.1 general absence of eutectic domains in the ice indicated water of very low solute content, in contrast
405
to that of the cisternae. (Fig. 7) .
416
Discussion
417
The results of the present study revealed a new twist in an old curve and novel insights into the 
434
Liquid water was only observed in some mesophyll extracellular gas spaces when water potential was 
451
The presence of low solute concentrations in the extracellular water has important implications for salt 
466
Water-filled trichomes began to empty when Ψleaf declined below -0.25 MPa (Fig. 4e , f and movie 2
467
(Supplement S3)). In contrast to intercellular spaces in the mesophyll, the trichome lumina appeared
468
to contain a mucilaginous substance. This was suggested by the similarity of the ice texture in water-
469
filled trichomes that had been cryo-preserved (Fig 1b) to that observed in cryo-preserved 
474
A. marina were wet in the morning. Trichomes seemed to serve as one of the main water storage 475 sites, which could hold up to 10% of total leaf RWC. This storage water could be released to the leaf 476 as leaf water potentials declined with dehydration if water transport into the leaf followed a symplastic 477 pathway through the living basal cells of the trichomes to the underlying cells (Fig. 3a) . Similarly,
478
water absorbed by trichomes contributed to the water status of underlying leaf cells in oak leaves 479 (Fernández et al., 2014) . Thus, identification of trichomes as a major water storage site in A. marina 480 481 also implies that the trichomes may provide a means for rehydration via foliar water uptake.
482
Finally, the present study identified a novel water storage structure, here named the cisternae, which 483 occurred mainly in the petiole and extended into the bundle sheath extension of the midvein near its 484 junction with the petiole. Extracellular water occurred in cisternae until leaf water potentials declined
485
to approximately -0.8 MPa. Unlike the extracellular spaces in the mesophyll and the trichomes, the cisternae were relatively large, completely bounded by the walls of cells comprising the surrounding relatively high concentration of solutes (Table 5 , Fig. 5d, f) Fig. 1a ),
500
combined with high variability in cell sizes (Fig. 8) . For example, a 12% change in leaf water content 501 502
would be equivalent to a 4% change in each dimension of an isotropic cell.
503
Moreover, there were no obvious changes in gas spaces between mesophyll cells with decreasing
504
Ψleaf, consistent with observations of desiccating sunflower leaves (Fellows & Boyer, 1978) . Tissue et al., 1975 , Meinzer et al., 1986 , Parker & Pallardy, 1987 
538
Ecophysiological implications of the new PV curve to A. marina function
539
The results of the current study emphasized the importance of leaf anatomy to leaf water relations , ε, and Q, as long as those parameters are calculated 544 using data from appropriate domains as shown in Fig. 1 and indicated in Table 4 , consistent with domain 1 as an artefact of rehydration would lead to false assumptions about leaf functions in A.
548
marina that are inconsistent with field observations and leaf anatomy.
549
The PV curves revealed a high modulus of elasticity in leaves of A. marina, which plays a major role 550 in cell function over the whole range of water potentials naturally experienced by these leaves. At 551 maximum hydration, leaf water potentials were very high (i.e. -0.1 MPa) while osmotic potential at full 552 turgor was -4.2 MPa (Fig. 1b) . The turgor pressure would therefore have been around 4.1 MPa, but
553
there was no evidence that cells burst under these conditions. Presumably, the high modulus of 554 555 elasticity, i.e. 37 MPa (Table 4 ), contributed to cell survival when the leaves were fully hydrated.
556
Previous studies have interpreted the role of a high ε on leaf function under low water potentials in 557 two ways. First, high ε was proposed to enhance water uptake into a transpiring leaf by increasing 558 the water potential gradient between the leaf and the soil (Bowman & Roberts, 1985) . However, 
563
Ψleaf with decreasing turgor would not necessarily enhance water uptake into leaves as they dried.
564
Indeed, a low ε would allow the concentration of the cytoplasm to vary significantly over the range of 565 positive turgor, whereas a high ε would keep the cytoplasmic concentrations similar, and also reduce 566 the possibly deleterious effects of changes in cell geometry. Thus, we agree with the second 567 suggestion that a high modulus of elasticity coupled with a low solute potential enables leaves to 568 maintain the levels of hydration required for cellular function during drying to the turgor loss point 569 570 (Cheung et al., 1975 , Bartlett et al., 2012 .
571
The extent of water storage in domains 1 and 2 revealed by PV curve could play an important role in Table 2 . Summary of PV curve components and their calculations as previously described (Scholander et al., 1964 , Turner, 1988 , Tyree & Ewers, 1991 , Bartlett et al., 2012 . Relative water content deficit RWD % RWD = 100 -RWC MPa. The observed area partly included the place where fluorescein was applied. Fluorescence from the dye drop was saturating (white area in e), and reflected by surrounding trichomes (green area in e). The drop of fluorescein initially maintained its shape on the cap surface and then rapidly disappeared a minute later when the drop was absorbed by underlying trichomes (f). Note that some stalk cells were filled with dye (arrow in f) while in others, dye remained in the wall of cap and stalk cells and the surrounding area appeared black. Bars are 0.05 mm. 8 . Diagrammatic summary of changes in the leaf lamina during dehydration through domains 1, 2, and 3 of the PV curve shown in Fig. 2 . The major tissue layers of hypodermis (H), palisade (P), spongy mesophyll (S), and trichomes (T) are indicated as in Fig. 3 . Salt secretion glands (purple) occurred on both leaf surfaces while stomata (pink dots) occurred only on the abaxial surface. At maximum hydration in Domain 1, all cells were turgid. Extracellular water (blue) occurred in a few extracellular spaces of the mesophyll where cells were in close apposition as in Fig. 6c . Trichomes were filled with water as in Fig. 4b , f. At the beginning of Domain 2, extracellular water was absent from spongy mesophyll as in Fig. 6d and trichomes as in Fig. 4c, d , f. Finally, after turgor was lost at -5 MPa in Domain 3, plasmolysis was evident with further dehydration to -6 MPa in most cell types, including hypodermis (Fig. 7c) , palisade ( Fig. 7d) and spongy mesophyll cells (data not shown). Plasmolysed cells are indicated by thin white gaps between cell walls and cell membranes. While the leaves declined in thickness during dehydration, cellular connections were maintained with no sign of cell collapse, except in the shrivelled, hollow cap and stalk cells of trichomes (Fig. 4e, f) . The variation in panel size and colours indicate progressive shrinkage of the leaf lamina during dehydration from Domain 1 through Domain 3. Supplement S1. Reanalysis of the data set from 
Parameter
Supplement S2:
Movie showing diffusion of fluorescein across an abaxial leaf surface when Ψleaf = -0.1 MPa and trichomes were full of water (see Fig. 4 for further details).
Supplement S3:
Movie showing absorption of fluorescein by draining trichomes when Ψleaf = -0.25 MPa (see Fig. 4 for further details).
